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Available online 20 May 2015Oscillatory activity plays a critical role in the brain. Here, we illustrate the dynamics of neural oscillations in the
motor system of the brain. We used a non-directional cue to instruct participants to prepare a motor response
with either the left or the right hand and recorded electroencephalography during the preparation of the re-
sponse. Consistent with previous ﬁndings, the amplitude of alpha-band (8–14 Hz) oscillations signiﬁcantly de-
creased over the motor region contralateral to the hand prepared for the response. Prior to this decrease, there
were a number of inter-regional phase synchronies at lower frequencies (2–4 Hz; delta band). Cross-frequency
coupling was quantiﬁed to further explore the direct link between alpha amplitudes and delta synchrony. The
cross-frequency coupling of showed response-speciﬁc modulation, whereby the motor region contralateral to
the preparation hand exhibited an increase in coupling relative to the baseline. The amplitude of alpha oscilla-
tions had anunpreferred and a preferred delta phase, inwhich the amplitudewasmodulated negatively and pos-
itively, respectively. Given the amplitude of alpha-band oscillations decreased over the analyzed period, the
alpha amplitudemight be down-regulated by the phase–amplitude coupling, althoughwe do not have direct ev-
idence for that. Taken together, these results show global-to-local computation in the motor system, which
started from inter-regional delta phase synchrony and ended at an effector-speciﬁc decrease in the amplitude
of alpha-band oscillations, with phase–amplitude coupling connecting both computations.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Oscillations in the brain mediate a number of functions. Electroen-
cephalography (EEG) frequency-speciﬁc activity in vivo is classically
classiﬁed as delta (1–4 Hz), theta (4–8 Hz), alpha (8–14 Hz), beta
(12–30 Hz), and gamma (30–75 Hz) (Canolty and Knight, 2010). Each
band was associated with particular functions; for instance, delta band
has been associated with memory consolidation in slow-wave sleep
(Lee and Wilson, 2002), theta band with working memory (Jensen
and Tesche, 2002), alpha and beta bands with motor preparation and
execution (Pfurtscheller and Lopes da Silva, 1999) and gamma band
with attention (Womelsdorf and Fries, 2007). However, cross-mation Processing Unit, RIKEN
titute, Saitama 351-0198, Japan.
. This is an open access article underfrequency interactions between thebands recently attract increasing at-
tention (Canolty and Knight, 2010).
In the motor system, alpha-band activity (mu rhythm) is inhibitory.
Low-amplitude alpha oscillations reﬂect active neural processing
whereas high-amplitude alpha oscillations are a signature of inhibition
(Klimesch et al., 2007). A reduction in the amplitude of alpha oscilla-
tions is termed event-related desynchronization (ERD) and an increase
is called event-related synchronization (ERS) (Pfurtscheller and Lopes
da Silva, 1999). ERD and ERS occur before and after movements, respec-
tively (Pfurtscheller, 2003), and can occur in the part of the motor
regions which represents the part of the body involved in the move-
ment (Pfurtscheller, 2003). However, executing movements requires
the interaction of multiple non-motor regions of the brain (Ledberg
et al., 2007). Global interactions between brain regions form transient
neuronal networks that enable large-scale integration of information
(Gray and Singer, 1989; Singer, 1999; Tallon-Baudry and Bertrand,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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activity has been proposed as a measure of this large-scale integration
(Varela et al., 2001). Information conveyed through a large-scale inter-
action might give rise to local interactions (Kawasaki et al., 2010; Fell
and Axmacher, 2011). As alpha ERD, which is relatively localized activ-
ity, occurs just before the execution of a movement, we reasoned that
there should be global interactions between multiple regions prior to
the ERD, if themotor response is initiated in conjunction with cognitive
components. Moreover, we reasoned that such inter-region communi-
cations would manifest as phase synchrony at frequencies below the
alpha-band, given that lower and higher rhythms are associated with
global and local interactions, respectively (Buzsáki and Draguhn,
2004; Jensen and Colgin, 2007).
To investigate the relation between alpha and lower frequency oscil-
lations, we focused on cross-frequency coupling. Lakatos et al. (2005)
proposed the oscillatory hierarchy hypothesis, whereby the amplitude
of relatively higher frequency oscillations is controlled by the phase of
lower frequency oscillations. Furthermore, Canolty and Knight (2010)
argued that cross-frequency coupling could be the mechanism by
which global information processing is relayed to local information pro-
cessing. But further experimental evidence needs to be accumulated.
Taking these studies into account, our hypothesis was that inhibition
and disinhibition through alpha amplitude are regulated by information
transmitted in the phase of synchronous oscillations at lower frequen-
cies. Additionally, we hypothesized that such a relation between alpha
and lower frequencies would be measured by phase–amplitude cou-
pling measurement in a function-speciﬁc way.
Materials and methods
Participants
Twenty healthy participants (14 males, 20–39 years old, right-
handed) were tested in this study. Before the experiment, all partici-
pants provided informed consent. The study was approved by the
RIKEN ethics committee. All participants had normal or corrected-to-
normal vision and no neurological or psychiatric disorders.
Experimental paradigm and stimulus presentation
Participants were instructed to perform a cued response task (a var-
iant of the Posner paradigm). A 17-in. CRT monitor (CPD-E220, SONY,
Japan; 100 Hz refresh rate) was placed 100 cm away from the partici-
pant. Participants were seated and maintained their head position
with a chin rest. Fig. 1 depicts a schematic illustration of the experimen-
tal time course. Participants were asked to ﬁxate on a central dot
throughout the experiment. A trial started with a horizontal lineFig. 1. Schematic illustration of the experiment. Stimuli were squares in three colors. Each
color was associated with a particular response: button press with the left thumb (Left),
buttonpresswith the right thumb (Right), or no response required (No). Subjectswere re-
quired to prepare a response based on the cue stimulus and subsequently execute the re-
sponse based on the target stimulus. In this paper, only data from the preparation period
(1–1000 ms after the onset of the cue stimulus) are presented.superimposed on the central dot. After 500 ms, a colored square (cue
stimulus) appeared in the same place as the central dot. The cue stimu-
lus was presented for 100 ms. The size of the central ﬁxation dot, the
horizontal bar, and the cue and target stimuli was 0.1 visual degrees,
0.1 vertical visual degrees, and 1 horizontal visual degree and 1 visual
degree, respectively. The cue and target stimuli were purple, green, or
yellow. The three colors were randomly associated with the three re-
sponse (right/left/no) across subjects.
Participants held a video game controller (Razer hydra, Sixense En-
tertainment, USA) in each hand. The controller contained a button
that could be pressed by the thumb and theywere instructed to prepare
a response with the right or left thumb or no response based on the
color of the cue stimulus. Left-hand preparation, right-hand prepara-
tion, and no preparation conditions will be referred as ‘Left’, ‘Right’,
and ‘No’, respectively. After the cue stimulus, spatial white noise was
displayed for 10 ms to eliminate the visual adjustments to the color. A
second colored square (target stimulus) was then displayed after a
delay of 1002–1702ms (uniformdistribution to produce random jitter).
The target stimuluswas displayed in the same place as the cue stimulus,
and was presented for 150 ms, followed by white noise for 10 ms. The
color of the target stimulus was identical to that of the cue stimulus
for 75% of the trials. Regardless of the color of the cue stimulus, partici-
pants were instructed to respond according to the color of the target
stimulus. The response required was indicated by the color of the stim-
uli rather than the position or shape of the stimuli to exclude the inﬂu-
ence of visuospatial information. In the present paper, we present the
results from the preparation period (1–1000 ms after the onset of the
cue stimulus).
Procedure
Participants performed a training session of 32 trials to accustom
themselves to the time course of a trial and the arbitrary association be-
tween the color of the stimuli and the required response. Participants
then completed four blocks of 160 trials per block. After each block, par-
ticipants were allowed to have a rest for as long as they wished.
EEG recording
EEG data were ampliﬁed and recorded using a BrainAmpMR+ sys-
tem (Brain Products, Germany) and an EEG capwith 63 scalp electrodes
(Ag/AgCl) conﬁgured in accordance with the international 10-10 sys-
tem (EasyCap; EASYCAP Gmbh, Germany). The EEG data were sampled
at 1000 Hz and ﬁltered from 0.015 Hz to 250 Hz. Themidfrontoanterior
(AFz) electrode was used to ground the signal. Electrode impedance
was maintained below 10 kΩ. EEG signals were referenced to the aver-
aged recordings from the electrodes on the right and left earlobes. Elec-
trodes placed above and below the left eye recorded activities related to
vertical eye movements and eye blinks and electrodes placed at the
temples recorded activities related to horizontal eye movements. In
the ofﬂine analysis, trials with EEG signal that exceeded ±150 μV in
any electrode were discarded.
EEG data preprocessing
Trials with artifact-free EEG data were segmented into 1.5-s epochs
from 500 ms before to 1000 ms after the onset of the cue stimulus. We
applied current source density (CSD) transformation to the EEG voltage
distribution on the surface of the scalp by the spherical Laplace operator,
to reduce the inﬂuence of volume conduction (Perrin et al., 1989). The
algorithm estimates the current from the underlying neural population
at a given electrode, which radially goes through the skull and scalp
(Kayser and Tenke, 2006). The parameters of the operator were as
follows: order of the spline = 4, maximum degree of the Legendre
polynomial = 50, with a precision of 10–6 (Perrin et al., 1989).
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Wavelet analysis
Instantaneous amplitude and phase were computed by convolving
the CSD transformed EEG signal s(t) with a complex Morlet wavelet
function deﬁned as:
w t; fð Þ ¼
ﬃﬃﬃ
f
p
exp −
t2
2σ2t
 
exp i2π f tð Þ;
where σt denotes the standard deviation of the Gaussian window. The
wavelet is shaped by how many cycles nco reside in a 6σt interval
(Lachaux et al., 1999). In the current study, nco=3 (=6fσt)was chosen,
with the central frequency f spanning 1 to 45 Hz in 1-Hz steps. Wavelet
transform was applied to a 5-s epoch of data from 2500 ms before to
2500ms after the onset of the cue stimulus to eliminate the edge artifact
with in the 1.5-s epochs.
Z-scored alpha amplitude
To explore the correlation between alpha amplitude reduction
and reaction time, instantaneous alpha amplitude was normalized as
follows:
AMPz tð Þ ¼ AMP tð Þ−mean baselineAMPð Þ
std baselineAMPð Þ
Baselinewas from−500 to−300ms relative to the onset of the cue
stimulus. Subsequently, z-scored alpha amplitude was averaged for the
time window from 1 to 1000 ms.
Phase locking value (PLV)
The PLV (Lachaux et al., 1999) was used to quantify phase
synchrony between CSD transformed EEG signals from two electrodes.
The PLV describes the consistency of the phase difference between
two signals across trials. For electrodes i and j at time t, PLV is calculated
as:
PLVi j tð Þ ¼ 1N
XN
n¼1
exp i θi t;nð Þ−θ j t;nð Þ
  
;
where N is the number of trials and θ(t, n) is the instantaneous phase in
trial n at time t. The derived quantity (range, 0–1) represents the degree
of phase locking. The greater the PLV, the stronger thephase consistency
between the two electrodes. However, PLV tends to be larger between
proximal electrodes, therefore, to normalize the distance of electrodes
(Rodriguez et al., 1999), PLVz was calculated as follows:
PLVz ¼ PLVt−mean baselinePLVð Þ
std baselinePLVð Þ
Baseline PLV was calculated from−500 to−300 ms relative to the
onset of the cue stimulus.
Modulation index
Themethod introduced by Canolty et al. (2006)was used to quantify
phase–amplitude coupling. The method was applied only to data
from electrodes C3 and C4, which were located over the motor region
of the left and right (or right and left) hemisphere, respectively. The
modulation index reﬂects the strength of coupling between the phase
and amplitude of different frequencies. It is based on the complex
variable;
z tð Þ ¼ A1 tð Þeiφ2 tð Þ;
where z(t), A1(t), and φ2(t) represent the composite complex value, the
amplitude at a given frequency, and the phase at another frequency,respectively. The raw modulation index (Mraw) is the absolute mean
vector of the complex variable as follows:
Mraw ¼ 1T
XT
t¼1
Z tð Þ


In the current study,Mraw was calculated on a trial-by-trial basis by
averaging the values over the time window from 1 to 1000 ms after
the onset of the cue stimulus. Assuming that phase–amplitude coupling
is a product of a speciﬁc pairing of phase and amplitude, we shufﬂed
phase and amplitude values within a trial to create surrogate data.
This surrogate data approach enabled us to correct for different ampli-
tudes across trials.Mrawwas normalized as follows, to give the normal-
ized modulation index (Mnorm):
Mnorm ¼
Mraw−μsurrogate
 	
σ surrogate
:
Finally,Mnorm was averaged across trials for each subject.
Normalized mean amplitude of a speciﬁc phase
To explore the detailed relation between amplitude and phase
across different frequencies, instantaneous amplitude normalized by
the temporal mean and standard deviation a given frequency was
assigned to one of 12 binned phases of another frequency. Then, the
mean amplitude on each of the 12 phase bins was calculated. These
original data were compared to the surrogate data.
Statistical analysis
Data were averaged across trials before statistical analysis. The aver-
age amplitude and PLV across trials were compared across conditions
(Left, Right, No) using a permutation test (Burgess and Gruzelier,
1999; Melloni et al., 2007). The paired permutation test ﬂips the values
of two conditions within each participant. After permuting the data
5000 times for the amplitude, 5000 times for the normalized modula-
tion index, and 80000 times for PLV, the probability of the original
data based on the distribution of permuted data was obtained. The pre-
cision of probability values obtained from permutation test relies on the
numbers of permutation. The numbers were chosen to reach the sufﬁ-
cient precision to correct the probability valueswith respect to multiple
comparison problems. False discovery rate (FDR) correction,which took
account into the number of electrodes or electrode pairs, was applied to
each point of the time–frequency chart for all electrodes (amplitude
data) and all possible pairs of electrodes (PLV) (Benjamini and
Hochberg, 1995). The number of hypotheses was 63 and 1953 for am-
plitude data and PLV data, respectively.
For comparing normalizedmodulation index in C3 and C4, a cluster-
based permutation test (5000 times) for two-dimensional data (fre-
quency for phase and frequency for amplitude) was carried out (Maris
and Oostenveld, 2007). Cluster-based permutation test statistically
tests signiﬁcant changes of clusters, which is contiguous phase and am-
plitude frequencypairs in the current study. Precisely a cluster consisted
of neighboring frequency pairs, which had signiﬁcant t-statistics
(p b .05) when the pairs were tested independently in comparison of
conditions. For testing clusters, the sum of t-statistics of the pairs was
compared to randomized null distribution derived from permuting
data on subject basis across conditions. Later Bonferroni-correction
was applied for the number of electrodes.
To test the signiﬁcance of themean amplitude of a speciﬁc phase, the
conﬁdence interval was calculated based on a surrogate data approach
(1000 times) that randomly coupled original amplitude and phase data.
Fig. 2. Schematic illustration of the electrodes chosen to represent the motor (C3/C4) and
occipital (O1/O2) regions.
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Behavior
The average performance over all conditions in 20 subjects was an
accuracy rate of 94.4 with an SD of 10.1% with an RT of 426.1 with an
SD of 95.1 ms (RT was computed on correct trials only). A repeated-
measures ANOVAwas performed. Therewas a signiﬁcant effect of prep-
aration hand (Left/Right/No) on accuracy (F(2,18) = 5.6281, p =
0.0072), with themost accurate for Left preparation conditions, the sec-
ond most accurate for Right preparation conditions, and the leastFig. 3. The amplitude of the current source density (CSD) at frequencies from 1 to 45Hz and the
No condition after the onset of the cue stimulus. A–B: amplitude at C3 (A) and C4 (B); the two el
two electrodes selected to represent the occipital regions. The amplitude shown is amplitude in
The amplitude showed alpha lateralization. Areas inside white lines indicate signiﬁcance (p b 0
the onset of the cue stimulus at all electrodes. Red and blue circles indicate signiﬁcant differenceaccurate for No preparation conditions. There was a signiﬁcant effect
of preparation hand on RT (F(2,18)=66.5, p b 0.0001)with the slowest
for No preparation conditions, the second slowest for Left and the fastest
for Right conditions. There was no signiﬁcant effect of response hand
(Left/Right) both on accuracy rate (F(2,18) = 0.0231, p= 0.8808) and
on RT (F(2,18) = 0.004, p = 0.949). Furthermore, there was a signiﬁ-
cant interaction between preparation hand and response hand on RT
(F (1,19) = 31.35, p b 0.0001), with No–Left, No–Right, Left–Right,
Right–Left, Left–Left, Right–Right conditions in the order from the
slowest to the fastest. Finally the signiﬁcant interaction between prepa-
ration hand and response hand was observed on accuracy (F(1,19) =
7.9936, p = 0.0013), with Left–Left, Right–Right, Left–Right, Right–
Left, No–Right, and No–Left conditions in the order from themost accu-
rate to the least accurate.
Amplitude difference related to motor preparation
Left and Right conditions were compared to the No condition. C3/C4
electrodes were selected to represent the motor regions and O1/O2
electrodes were selected to represent the occipital regions (Fig. 2). The
No condition involves the same visual stimuli as the Left and Right con-
ditions; therefore, low-level processing of visual stimuli in Left and
Right conditions should be entirely eliminated by this comparison. In
the Left condition, there was a signiﬁcant decrease in the amplitude of
oscillations at a frequency of around 12 Hz that ﬁrst appeared in the oc-
cipital cortex about 350 ms after the onset of the cue stimulus (Figs. 3C
andD). Then at the end of the preparation period, only themotor region
contralateral to the side of motor preparation exhibited a signiﬁcanttime course of global modulation of amplitude at 12Hz in the Left condition relative to the
ectrodes selected to represent themotor regions. C–D: amplitude at O1 (C) andO2 (D); the
the Left conditionminus amplitude in theNo condition, averaged across all 20 participants.
.05, permutation test, FDR-corrected). E: amplitude at 12 Hz at 350, 500, and 800 ms after
s (p b 0.05, permutation test, FDR-corrected). Areas insidewhite lines indicate signiﬁcance.
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Fig. 3B). In the Right condition, a signiﬁcant decrease of peak-alpha
12 Hz amplitude ﬁrst appeared in the occipital cortex at 400 ms after
the onset of the cue stimulus (Figs. 4C and D). Then at the end of the
preparation period, only the motor region contralateral to the side of
motor preparation exhibited a signiﬁcant decrease of 12 Hz amplitude
(permutation test p b 0.05, FDR-corrected; Figs. 4A and B).
We also explored a correlation on subject basis between trial-
averaged reaction time and trial-and-time averaged modulation (from
1 to 1000 ms) of z-scored alpha (8–14 Hz) amplitude in electrodes
(C3/C4) over the contralateral motor regions. In Left condition,
z-scored 9–10 Hz amplitude was positively correlated with the reaction
times when the target was identical (Spearman's rho-value = 0.37 and
0.48, p b 0.05). In Right condition, z-scored 10–11 Hz amplitude was
positively correlated with the reaction times when the target was iden-
tical (Speaman's rho-value = 0.41 and 0.42, p b 0.05). All other Left/
Right/No conditions did not yield signiﬁcant results.Amplitude difference between the Left and Right conditions
To investigate the effector-speciﬁc modulation of brain activity, we
assessed whether the cue stimulus induced alpha lateralization, which
has previously been observed in a somatosensory attention task accord-
ing to the hand to which the participants attended (Haegens et al.,
2011). The averaged amplitude was compared across the Left and
Right conditions by subtracting the Left condition from the Right
condition (Fig. 5). Signiﬁcant decreases in the amplitude of alpha-
band oscillations were observed only in the left hemisphere(Figs. 5A
and C), and signiﬁcant increases were observed only in the rightFig. 4. The amplitude of the current source density (CSD) at frequencies from1 to 45Hz and the t
No condition after the onset of the cue stimulus. A–B: amplitude at C3 (A) and C4 (B); the two el
two electrodes selected to represent the occipital regions. The amplitude shown is amplitude i
pants. The amplitude showed alpha lateralization. Areas inside white lines indicate signiﬁcance
after the onset of the cue stimulus at all electrodes. Red and blue circles indicate signiﬁcant difhemisphere (permutation test p b 0.05, FDR-corrected) (Figs. 5B and
D). Over the motor regions, signiﬁcant alpha lateralization occurred be-
tween 600 and 800 ms after onset of the cue stimulus. In the occipital
regions, signiﬁcant alpha lateralization occurred around 800 ms.
Delta phase synchrony
To investigate the possibility that effector-speciﬁc modulation of
alpha amplitudes was caused by prior formation of transient neural as-
semblies, we computed the 1–45 Hz PLV for all possible electrode pairs
(1953 pairs from 63 electrodes). The results were FDR-corrected for the
number of pairs and the Left and Right conditionswere compared to No
condition. For both the Left and Right conditions, PLV was signiﬁcantly
increased only at frequencies below 4 Hz (Fig. 6). No electrode pairs
showed a signiﬁcant decrease of PLV when Left and Right conditions
were compared with No condition. A signiﬁcant increase of PLV at low
frequencies (2–3 Hz) was observed around 300 ms after the onset of
the cue stimulus in several of the electrode pairs around 300 ms (per-
mutation test p b 0.05, FDR-corrected). Comparison of Left and Right
conditions did not yield a signiﬁcant difference.
Cross-frequency coupling in the motor regions
To further investigate the relationship between delta phase synchro-
ny and alpha amplitude modulation in motor preparation, we per-
formed cross-frequency coupling analysis between delta phase and
alpha amplitude. For all pairs of 1–4 Hz phase and 8–14 Hz amplitude,
subject-averaged normalized modulation indices were signiﬁcant for
Left and Right conditions (p b 0.05, Bonferroni-corrected; Fig. 7). Aime course of globalmodulation of amplitude at 12Hz in theRight condition relative to the
ectrodes selected to represent themotor regions. C–D: amplitude at O1 (C) andO2 (D); the
n the Right condition minus amplitude in the No condition, averaged across all 20 partici-
(p b 0.05, permutation test, FDR-corrected). E: amplitude at 12 Hz at 350, 500, and 800ms
ferences (p b 0.05, permutation test, FDR-corrected).
Fig. 5. The amplitude of the current source density (CSD) at frequencies from1 to 45Hz and the time course of globalmodulation of amplitude at 12Hz in theRight condition relative to the
Left condition after the onset of the cue stimulus. A–B: amplitude at C3 (A) andC4 (B); the twoelectrodes selected to represent themotor regions. C–D: amplitude atO1 (C) and C4 (D); the
two electrodes selected to represent the occipital regions. The amplitude shown is amplitude in the Right condition minus amplitude in the Left condition, averaged across all 20 partic-
ipants. The amplitude showed alpha lateralization. Areas inside white lines indicate signiﬁcance (p b 0.05, permutation test, FDR-corrected). E: amplitude at 12Hz at 600, 700, and 800ms
after the onset of the cue stimulus at all electrodes. Red and blue circles indicate signiﬁcant differences (p b 0.05, permutation test, FDR-corrected). Areas inside white lines indicate
signiﬁcance.
Fig. 6.Time frequencymaps of inter-electrode synchronization (PLV) after the onset of the cue stimulus. Thenumber of electrodepairswith signiﬁcantly differentphase synchrony fromall
possible electrode pairs in the Left and No conditions (A) and the Right and No conditions (B) at frequencies from 1 to 45 Hz. Signiﬁcance was determined as FDR-corrected p b 0.05, ac-
cording to the permutation test. The comparison of the Left and Right condition did not yield any signiﬁcant differences and therefore is not shown.
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Fig. 7. The normalized modulation index for the left (c3) and right (c4) motor regions for different combinations of phase (range, 1–4 Hz) and amplitude (range, 8–14 Hz). A: The nor-
malized modulation index for the C3 electrode (the left motor region) during preparation in Left trials. B: The normalized modulation index for the C3 electrodeduring preparation in
Right trials. C: The normalized modulation index for the C4 electrode (the right motor region) during preparation in Left trials. D: The normalized modulation index for the C4 electrode
during preparation in Right trials. Data are averaged across all 20 subjects.
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No and Left/Right comparisons for data recorded from C3 and C4
(Fig. 8). Signiﬁcant clusters were only identiﬁed in an electrode above
the motor region contralateral to the side of motor preparation, i.e., C3
for the Right/No comparison and C4 for the Left/No comparison. One
signiﬁcant cluster in C3 for the Right/No comparison was identiﬁed,
for pairs with 2- or 3-Hz phase and 11–14-Hz amplitude (p b 0.001,
Bonferroni-corrected) (Fig. 8A). Two signiﬁcant clusters in C4 for theFig. 8. The difference in themodulation index for the left and rightmotor regions c between the
1–4 Hz) and amplitude (range, 8–14 Hz). A: The difference in the normalized modulation inde
malized modulation index for the same electrode during preparation in No trials. B: The differ
trials and the normalizedmodulation index for the same electrode during preparation inNo tria
electrode during preparation in Left trials and the normalized modulation index for the same
index for the C4 electrode during preparation in Right trials and the normalized modulation ind
icant difference between conditions (p b 0.05, cluster-based permutation test). Only the motor
delta–alpha normalized modulation index between the active-response and the No-response cLeft/No comparison were identiﬁed: one for pairs with 4-Hz phase
and 11–14-Hz amplitude and one for pairs with 2-Hz phase and 8–10-
Hz amplitude (p b 0.001, Bonferroni-corrected) (Fig. 9B). Left/Right
comparison did not exhibit any signiﬁcant results. To evaluate the pre-
cise relation between phase and amplitude in the identiﬁed clusters in
active-response and No conditions, we calculated the mean normalized
alpha amplitude depending on delta phase. The results showed that
alpha amplitude was signiﬁcantly modulated with respect to deltaactive-response condition and theNo condition for different combinations of phase (range,
x for the C3 electrode (the left motor region) during preparation in Left trials and the nor-
ence in the normalized modulation index for the C3 electrodeduring preparation in Right
ls. C: The difference in the normalizedmodulation index for the C4 (the rightmotor region)
electrode during preparation in No trials. D: The difference in the normalized modulation
ex for the same electrode during preparation in No trials. White squares indicate a signif-
region contralateral to the side of motor preparation exhibited a signiﬁcant difference in
ondition.
Fig. 9. The current source density (CSD) amplitude at alpha frequencies according to the delta phase. The data are from the signiﬁcant clusters shown in Fig. 8: 2–3 Hz phase and 11–14Hz
amplitude for C3 and 2 Hz phase and 8–10 Hz amplitude and 4 Hz phase and 11–14 Hz amplitude for C4. 0 radian indicates the unpreferred delta phase for alpha amplitude. For the C3
electrode, themean amplitude at 11–14Hz at each time point across trials and subjectswas assigned to one of 12 bins based on the 2–3Hzphase. For the C4 electrode, themean amplitude
at 11–14Hz at each time points across trials and subjects was assigned to one of 12 bins based on the 4 Hz phase and themean amplitude at 8–10Hzwas assigned based to a bin based on
the 2 Hz phase. A: C3 for Right trials. B: C4 for Left trials. C: C3 for No trials. D: C4 for No trials. Normalization used mean and standard deviation on a single-trial basis. To generate 95%
conﬁdence interval, delta phase and alpha amplitude were randomly paired (surrogate data approach).
452 T. Kajihara et al. / NeuroImage 118 (2015) 445–455phase (p b 0.001; Fig. 9). The direction of modulation was positive at a
delta phase of around−π and π radians and negative at a delta phase
of around 0 radian (Fig. 9). The modulation was more prominent in
active-response conditions compared to No conditions.
We also explored a correlation between single-trial reaction time
and single-trial modulation index of the signiﬁcant frequency pairs in
electrodes over the contralateral motor cortex. In Left condition, modu-
lation index between 2-Hz-phase and 9–10-Hz amplitudes and 3 Hz
and 13–14 Hz amplitudes was negatively correlated with the reaction
times when the target was identical (Speaman's rho-value = −0.05
and−0.08, p b 0.05). All other Left/Right/No conditions did not yield
signiﬁcant results.
Due to the limited spatial resolution of EEG, one might dispute
whether the observed synchrony was true synchrony or conduction
synchrony. If the synchrony was because of volume conduction, the
phase difference between a pair of electrodes should be concentrated
around 0 and pi (Melloni et al., 2007). On the contrary to this, phasedifferences of the observed synchrony were distributed to other angles
(Supplementary Fig. 1). Therefore, volume conduction cannot fully ex-
plain the results. Focusing on the motor (C3/C4) and occipital regions
(O1/O2) in which two distinctive alpha lateralizations were observed,
the phase differences were also scattered (Supplementary Fig. 2).
Therefore, the changes in the regions did not share a single source (i.e.
volume conduction).
Discussion
This study investigated the EEG dynamics of motor preparation,
eliminating low-level visual processing by comparing relevant condi-
tions. The performance of subsequent motor responses differed de-
pending on the conditions of preparation, illustrating the inﬂuence of
the experimental manipulation on the motor system. For both the Left
and Right conditions compared to the No condition, delta phase syn-
chrony appeared before the decrease in alpha amplitude. Furthermore,
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from occipital to motor regions. When comparing the Left and Right
conditions, alpha lateralization was evident over the occipital and
motor regions. To explore whether there was a possible relation be-
tween delta phase dynamics and alpha amplitude changes, we analyzed
phase–amplitude coupling between delta phase and alpha amplitude
over the motor regions. Phase–amplitude coupling between delta and
alpha frequencies, respectively, was functionally speciﬁc. Signiﬁcant
coupling of delta phase and alpha amplitude was evident only over
the motor cortex contralateral to the side of movement preparation,
i.e., the left motor region for the Right condition and the right motor re-
gion for the Left condition. Taking into account the inhibitory role of
alpha-band oscillations in the cortex, we suggest that delta–alpha
phase–amplitude couplingmight be a mechanism bywhich the cortical
inhibition can be adjusted, utilizing the fact that alpha oscillations have
a preferred and unpreferred delta phase. This is in linewith a hypothesis
that lower frequency phase modulates cortical excitability, and subse-
quently affects local processing (Lakatos et al, 2005).
Global delta phase synchrony
Human cognition and action require integration of information from
a number of regions of the brain, and mechanisms for such integration
should be postulated. A previous study reported that a visuo-motor
task produced a widespread change in event-related local ﬁeld poten-
tials (Ledberg et al., 2007). For cerebro-muscular interaction, signiﬁcant
6–9Hz coherencewas reported inﬁngermovementwith efferent direc-
tionality from the primary motor cortex (Gross et al., 2002). Further-
more, beta coherence appeared between the primary motor cortex,
primary somatosensory cortex and inferior posterior cortex (Brovelli
et al., 2004). In addition to coherence, phase synchrony has been postu-
lated as a putativemechanism for communicating information between
neural populations (Varela et al., 2001). Phase synchrony in different
bands has been implicated in a variety of functions. Large-scale
gamma synchrony plays a role in conscious perception and attention
(Melloni et al., 2007; Doesburg et al., 2008), beta synchrony mediates
themaintenance of status quo (Engel and Fries, 2010), alpha synchrony
plays a role in consciousness (Palva and Palva, 2007), and theta syn-
chrony is critical in memory (Uhlhaas et al., 2010; Kawasaki et al.,
2014a). To our knowledge, the current study is theﬁrst to identify global
synchronized networks at delta-band frequencies that correspond to
motor control (Figs. 6 and 7), while reducing the effects of volume con-
duction by CSD transformation. Recent studies showed that delta activ-
ity mediated attentional selection (Lakatos et al., 2008), and stimulus
expectation (Arnal and Giraud, 2012). More relevant to our study, the
phase of slower oscillations, including those in the delta frequency
band, reﬂects sensory selection (Schroeder and Lakatos, 2009). Hence,
our results pertaining to delta phase synchrony could also be relevant
to the transfer of sensory information.
Furthermore, we should note that global phase synchrony appeared
only in the delta band. Synchrony in the delta band may be particularly
suited to mediate communication in the motor system, as distant
neuronal groups favor lower frequency synchronization to interact
(Buzsaki, 2009). Oscillations with different frequencies have varying
temporal windows for computation (Von Stein and Sarnthein, 2000).
As a result, they are associated with different spatial magnitudes. This
means that faster oscillations have narrower spatial scales, and slower
oscillations can reach far broader regions (Buzsaki, 2009). Taken togeth-
er with our results, this suggests that global interactions mediated by
delta-band synchrony inﬂuence the amplitude of alpha-band oscilla-
tions in the motor cortex by the phase–amplitude coupling.
We are aware of that the increase of PLV could be accounted for by
evoked response alone. To clarify that aspect, we were inspired by
Mazaheri and Jensen study (2006). They propose a measure, phase
preservation index (PPI), for detecting the phase stability across time.
The measure has been employed to illustrate the presence of phaseresetting in visual evoked potentials (Mazaheri and Jensen, 2006) and
TMS-induced phase resetting (Kawasaki et al., 2014b). Using PPI, they
showed that phase stability rapidly decayed in phase resetting model
compared to evoked response model. This suggested that evoked re-
sponse had less impacts on phase stability. Computing PPI, we illustrat-
ed that the active-response conditions had faster decay of phase
stability compared to No conditions. To some extent, this would argue
against that evoked response,which is assumed to be additive and inde-
pendent from EEG ongoing activity (Sauseng et al., 2007), is solely re-
sponsible for the observed increase in PLV (Supplementary Fig. 4).
Furthermore, we also computed phase locking factor (PLF), which
quantiﬁes phase consistency across trials (Tallon-Baudry et al., 1996)
to test whether the increase of PLV was attributable to exogenous
phase resetting occurring concurrently at multiple brain sites. The re-
sults indicated that this was not the case, as the changes of PLF were
much less prominent than the changes of PLV (Supplementary Fig. 5).
Alpha lateralization in the motor and occipital regions
We observed functionally speciﬁc alpha modulation after the global
phase synchrony in the delta band, namely alpha lateralization (Figs. 3,
4, and 5). Alpha lateralization is a phenomenon in which alpha-band
amplitude is reduced in the contralateral hemisphere and increased in
the ipsilateral hemisphere in relation to the motor, visual, and somato-
sensory systems involved in the task (Pfurtscheller et al, 2000; Worden
et al., 2000; Haegens et al., 2011). The mechanism underlying this re-
duction may be a change in cortical inhibition (Klimesch et al., 2007).
Our study, in line with previous research (Arroyo et al., 1993;
Pfurtscheller and Andrew, 1999), showed that themotor cortex contra-
lateral to the response-preparing hand was more released from inhibi-
tion than the ipsilateral motor cortex. The novel result from our study
is that alpha lateralization was also observed in the occipital cortex. Oc-
cipital alpha lateralization has been previously associated with a shift of
spatial attention (Thut et al, 2006; Gould et al., 2011). However, given
that these effects were induced by a visual stimulus that had no explicit
directional information (right or left) for spatial attention,we argue that
this represents a proximal link between motor preparation and spatial
attention.
There has been debate as to whether spatial attention is a
supramodal mechanism (Posner & Dehaene, 1994) or an emergent
property originating from the activation of sensorimotor circuits
(Desimone and Duncan, 1995; Rizzolatti et al., 1987). The latter propo-
nents showed proximal links between overt eyemovements and covert
spatial attention in oculomotor control (Hoffman and Subramaniam,
1995; Katnani & Gandhi, 2013). If spatial attention relies on the same
neural circuit for movements, movements themselves should induce
the shift of spatial attention (Rizzolatti et al., 1987; Smith & Schenk,
2012). Our paradigm, in which limb responses were made without
eye movements and the stimuli did not have any directional informa-
tion, enabled us to test this hypothesis, and our results suggest that
motor preparation and spatial attention are indeed hard to separate, if
not impossible.
In addition, a signiﬁcant decrease in alpha-band amplitude was ob-
served with a temporal order from the occipital to motor regions in
Right/No and Left/No comparisons (Figs. 3E and 4E). The movement of
the modulation of alpha-band amplitude reﬂects the direction of com-
munication (Nunez et al., 2001; Sauseng et al., 2007; Klimesch et al.,
2007). Given that the Right/No and Left/No comparisons required a sen-
sorimotor transformation, the temporal progression of alpha amplitude
modulation from the occipital to motor regions observed in the current
study might reﬂect such sensorimotor transformation.
Phase–amplitude coupling between delta and alpha frequencies
We observed functionally speciﬁc cross-frequency coupling be-
tween delta phase and alpha amplitude for electrodes over the motor
454 T. Kajihara et al. / NeuroImage 118 (2015) 445–455regions. Only the cortex contralateral to the side of motor preparation
exhibited an increase in phase–amplitude coupling relative to the No
condition (Figs. 8 and 9). All couplings between delta phase and alpha
amplitude were signiﬁcant for the Left and Right conditions assuming
Gaussian distribution. Cross-frequency coupling is amechanism to inte-
grate fast local computations with slow global computations (Canolty
and Knight, 2010). In line with this, alpha amplitude over themotor re-
gions (fast local computations) was coupled with delta phase activities
which represented global synchrony and preceded the change in the
amplitude of alpha oscillations/synchrony. In other words, the phase–
amplitude coupling might relay information through delta synchrony
to local computations by alpha amplitude, although our results are not
able to fully support such a claim. In previous literature, theta–gamma
phase–amplitude coupling has been reported across many cortical re-
gions of the human brain (Canolty et al., 2006). The physiologicalmech-
anism could be an increased generation of stimulus-driven spikes that
occurs due to a change in cortical excitability (Fries, 2005). By contrast,
our results showed that alpha amplitude, which actively inhibits local
computation (Klimesch et al., 2007), was coupled with delta phase. To
examine the precise role of phase–amplitude coupling it is necessary
to explore how delta phase and alpha amplitude are coupled. The mod-
ulation index did not provide any useful information on this topic. How-
ever, the mean alpha amplitude at a speciﬁc delta phase revealed a
detailed relation between phase and amplitude. Interestingly, positivity
and negativity of alpha amplitude depended on delta phase. In other
words, alpha amplitude had an unpreferred phase aswell as a preferred
phase. Given alpha amplitude, which reﬂects the degree of cortical
inhibition (Klimesch et al., 2007), decreased in the analyzed period,
we argue that delta–alpha phase–amplitude coupling might work to
release cortical areas from inhibition by down-regulating alpha
amplitude.
In summary, we explored the neural dynamics of motor control and
showed that global delta phase synchrony preceded a functionally rele-
vant decrease in local alpha amplitude. Crucially, delta–alpha phase–
amplitude coupling appeared in a functionally speciﬁc manner to con-
nect slow global computation with fast local computations.
Conﬂict of interest
The author declare no competing ﬁnancial interests.
Acknowledgments
This study was supported by junior research associate program,
RIKEN, by a research grant from Toyota Motor Corporation, and by a
fund from the Japan Science and Technology (JST) PRESTO. We thank
Kazutoshi Kudo, Masahiro Shinya, Yuka Okazaki, and Yutaka Uno for
advice and comments.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.05.032.
References
Arnal, L.H., Giraud, A.L., 2012. Cortical oscillations and sensory predictions. Trends Cogn.
Sci. 16, 390–398.
Arroyo, S., Lesser, R.P., Gordon, B., Uematsu, S., Jackson, D., Webber, R., 1993. Functional
signiﬁcance of the mu rhythm of human cortex: an electrophysiologic study with
subdural electrodes. Electroencephalogr. Clin. Neurophysiol. 87, 76–87.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289–300.
Brovelli, A., Ding, M., Ledberg, A., Chen, Y., Nakamura, R., Bressler, S.L., 2004. Beta oscilla-
tions in a large-scale sensorimotor cortical network: directional inﬂuences revealed
by Granger causality. Proc. Natl. Acad. Sci. U. S. A. 101, 9849–9854.
Burgess, A.P., Gruzelier, J.H., 1999. Methodological advances in the analysis of event-
related desynchronization data: reliability and robust analysis. Handbookof electroencephalography and clinical neurophysiology, revised series 6,
pp. 139–158.
Buzsaki, G., 2009. Rhythms of the Brain. Oxford University Press.
Buzsáki, G., Draguhn, A., 2004. Neuronal oscillations in cortical networks. Science 304,
1926–1929.
Canolty, R.T., Knight, R.T., 2010. The functional role of cross-frequency coupling. Trends
Cogn. Sci. 14, 506–515.
Canolty, R.T., Edwards, E., Dalal, S.S., Soltani, M., Nagarajan, S.S., Kirsch, H.E., Berger, M.S.,
Barbaro, N.M., Knight, R.T., 2006. High gamma power is phase-locked to theta oscilla-
tions in human neocortex. Science 313, 1626–1628.
Desimone, R., Duncan, J., 1995. Neural mechanisms of selective visual attention. Annu.
Rev. Neurosci. 18, 193–222.
Doesburg, S.M., Roggeveen, A.B., Kitajo, K., Ward, L.M., 2008. Large-scale gamma-band
phase synchronization and selective attention. Cereb. Cortex 18, 386–396.
Engel, A.K., Fries, P., 2010. Beta-band oscillations - signalling the status quo? Curr. Opin.
Neurobiol. 20, 156–165.
Fell, J., Axmacher, N., 2011. The role of phase synchronization in memory processes. Nat.
Rev. Neurosci. 12, 105–118.
Fries, P., 2005. A mechanism for cognitive dynamics: neuronal communication
throughneuronal coherence. Trends Cogn. Sci. 9, 474–480.
Gould, I.C., Rushworth, M.F., Nobre, A.C., 2011. Indexing the graded allocation of
visuospatial attention using anticipatory alpha oscillations. J. Neurophysiol.
105, 1318–1326.
Gray, C.M., Singer, W., 1989. Stimulus-speciﬁc neuronal oscillations in orientation
columnsof cat visual cortex. Proc. Natl. Acad. Sci. U. S. A. 86, 1698–1702.
Gross, J., Timmermann, L., Kujala, J., Dirks, M., Schmitz, F., Salmelin, R., Schnitzler, A., 2002.
The neural basis of intermittent motor control in humans. Proc. Natl. Acad. Sci. 99,
2299–2302.
Haegens, S., Handel, B.F., Jensen, O., 2011. Top-down controlled alpha band activity in so-
matosensory areas determines behavioral performance in a discrimination task.
J. Neurosci. 31, 5197–5204.
Hoffman, J.E., Subramaniam, B., 1995. The role of visual attention in saccadic eye move-
ments. Percept. Psychophys. 57, 787–795.
Jensen, O., Colgin, L.L., 2007. Cross-frequency coupling between neuronal oscillations.
Trends Cogn. Sci. 11, 267–269.
Jensen, O., Tesche, C.D., 2002. Frontal theta activity in humans increases with memory
load in a working memory task. Eur. J. Neurosci. 15, 1395–1399.
Katnani, H.A., Gandhi, N.J., 2013. Time course of motor preparation during visual
searchwith ﬂexible stimulus–response association. J. Neurosci. 33, 10057–10065.
Kawasaki, M., Kitajo, K., Yamaguchi, Y., 2010. Dynamic links between theta executive
functions and alpha storage buffers in auditory and visual working memory. Eur.
J. Neurosci. 31, 1683–1689.
Kawasaki, M., Kitajo, K., Yamaguchi, Y., 2014a. Fronto-parietal and fronto-temporal theta
phase synchronization for visual and auditory-verbal working memory. Front.
Psychol. 5.
Kawasaki, M., Uno, Y., Mori, J., Kobata, K., Kitajo, K., 2014b. Transcranial magnetic
stimulation-induced global propagation of transient phase resetting associated with
directional information ﬂow. Front. Hum. Neurosci. 8.
Kayser, J., Tenke, C.E., 2006. Principal components analysis of Laplacian waveforms as a
generic method for identifying ERP generator patterns: I. Evaluation with auditory
oddball tasks. Clin. Neurophysiol. 117, 348–368.
Kitajo, K., Doesburg, S., Yamanaka, K., Nozaki, D., Ward, L., Yamamoto, Y., 2007. Noise-
induced large-scale phase synchronization of human-brain activity associated with
behavioural stochastic resonance. Europhys. Lett. 80, 40009.
Klimesch, W., Sauseng, P., Hanslmayr, S., 2007. EEG alpha oscillations: the inhibition–
timing hypothesis. Brain Res. Rev. 53, 63–88.
Lachaux, J.-P., Rodriguez, E., Martinerie, J., Varela, F.J., 1999. Measuring phase synchrony in
brain signals. Hum. Brain Mapp. 8, 194–208.
Lakatos, P., Shah, A.S., Knuth, K.H., Ulbert, I., Karmos, G., Schroeder, C.E., 2005. An oscilla-
tory hierarchy controlling neuronal excitability and stimulus processing in the audi-
tory cortex. J. Neurophysiol. 94, 1904–1911.
Lakatos, P., Karmos, G., Mehta, A.D., Ulbert, I., Schroeder, C.E., 2008. Entrainment of neuro-
nal oscillations as a mechanism of attentional selection. Science 320, 110–113.
Ledberg, A., Bressler, S.L., Ding, M., Coppola, R., Nakamura, R., 2007. Large-scale
visuomotor integration in the cerebral cortex. Cereb. Cortex 17, 44–62.
Lee, A.K., Wilson, M.A., 2002. Memory of sequential experience in the hippocampus dur-
ing slow wave sleep. Neuron 36, 1183–1194.
Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164, 177–190.
Mazaheri, A., Jensen, O., 2006. Posterior α activity is not phase-reset by visual stimuli.
Proc. Natl. Acad. Sci. U. S. A. 103, 2948–2952.
Melloni, L., Molina, C., Pena,M., Torres, D., Singer,W., Rodriguez, E., 2007. Synchronization
of neural activity across cortical areas correlates with conscious perception.
J. Neurosci. 27, 2858–2865.
Nunez, P.L., Wingeier, B.M., Silberstein, R.B., 2001. Spatial–temporal structures of human
alpha rhythms: theory, microcurrent sources, multiscale measurements, and global
binding of local networks. Hum. Brain Mapp. 13, 125–164.
Palva, S., Palva, J.M., 2007. New vistas forα-frequency band oscillations. Trends. Neurosci.
30, 150–158.
Perrin, F., Pernier, J., Bertrand, O., Echallier, J., 1989. Spherical splines for scalp poten-
tial and current density mapping. Electroencephalogr. Clin. Neurophysiol. 72,
184–187.
Pfurtscheller, G., 2003. Induced oscillations in the alpha band: functional meaning.
Epilepsia 44, 2–8.
Pfurtscheller, G., Andrew, C., 1999. Event-related changes of band power and coherence:
methodology and interpretation. J. Clin. Neurophysiol. 16, 512.
455T. Kajihara et al. / NeuroImage 118 (2015) 445–455Pfurtscheller, G., Lopes da Silva, F.H., 1999. Event-related EEG/MEG synchronization and
desynchronization: basic principles. Clin. Neurophysiol. 110, 1842–1857.
Pfurtscheller, G., Neuper, C., Krausz, G., 2000. Functional dissociation of lower and upper
frequency mu rhythms in relation to voluntary limb movement. Clin. Neurophysiol.
111, 1873–1879.
Posner, M.I., Dehaene, S., 1994. Attentional networks. Trends Neurosci 17, 75–79.
Rizzolatti, G., Riggio, L., Dascola, I., Umiltá, C., 1987. Reorienting attention across the hor-
izontal and vertical meridians: evidence in favor of a premotor theory of attention.
Neuropsychologia 25, 31–40.
Rodriguez, E., George, N., Lachaux, J.-P., Martinerie, J., Renault, B., Varela, F.J., 1999.
Perception's shadow: long-distance synchronization of human brain activity. Nature
397, 430–433.
Sauseng, P., Klimesch, W., Gruber, W., Hanslmayr, S., Freunberger, R., Doppelmayr, M.,
2007. Are event-related potential components generated by phase resetting of
brain oscillations? A critical discussion. Neuroscience 146, 1435–1444.
Schroeder, C.E., Lakatos, P., 2009. Low-frequency neuronal oscillations as instruments of
sensory selection. Trends Neurosci. 32, 9–18.
Singer, W., 1999. Neuronal synchrony: a versatile code for the deﬁnition of relations?
Neuron 24, 49–65.
Smith, D.T., Schenk, T., 2012. The Premotor theory of attention: time to move on?
Neuropsychologia 50, 1104–1114.Tallon-Baudry, C., Bertrand, O., 1999. Oscillatory gamma activity in humans and its role in
object representation. Trends Cogn. Sci. 3, 151–162.
Tallon-Baudry, C., Bertrand, O., Delpuech, C., Pernier, J., 1996. Stimulus speciﬁcity of
phase-locked and non-phase-locked 40 Hz visual responses in human. J. Neurosci.
16, 4240–4249.
Thut, G., Nietzel, A., Brandt, S.A., Pascual-Leone, A., 2006. Alpha-band electroencephalo-
graphic activity over occipital cortex indexes visuospatial attention bias and predicts
visual target detection. J. Neurosci. 26, 9494–9502.
Uhlhaas, P.J., Roux, F., Rodriguez, E., Rotarska-Jagiela, A., 2010. Neural synchronyand the
development of cortical networks. Trends Cogn. Sci. 14, 72–80.
Varela, F., Lachaux, J.-P., Rodriguez, E., Martinerie, J., 2001. The brainweb: phase synchro-
nization and large-scale integration. Nat. Rev. Neurosci. 2, 229–239.
Von Stein, A., Sarnthein, J., 2000. Different frequencies for different scales of cortical inte-
gration: from local gamma to long range alpha/theta synchronization. Int.
J. Psychophysiol. 38, 301–313.
Womelsdorf, T., Fries, P., 2007. The role of neuronal synchronization in selective attention.
Curr. Opin. Neurobiol. 17, 154–160.
Worden,M.S., Foxe, J.J., Wang, N., Simpson, G.V., 2000. Anticipatory biasing of visuospatial
attention indexed by retinotopically speciﬁc-band electroencephalography increases
over occipital cortex. J. Neurosci. 20, 1–6.
